ABSTRACT The tomatoÐpotato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), was recently shown to be a vector of "Candidatus Liberibacter solanacearum" (Lso), a phloem-limited bacterium that is the putative causal agent of "zebra chip" in potato and unnamed diseases in other solanaceous species. Despite its importance, very little is known about B. cockerelli stylet probing behaviors that control transmission of Lso to its host plants. Herein, we report the Þrst study characterizing the electrical penetration graph waveforms representing stylet penetration behaviors of the B. cockerelli feeding on potato. Waveforms produced by adult B. cockerelli on potato were also correlated using light microscopy of salivary sheath termini in plant tissue after probes were artiÞcially terminated during the identiÞed waveforms. In addition, behavioral activities were inferred based on electrical origins of waveforms as well as similarities in waveform appearances with those of other psyllids, aphids, and whiteßies. Adult B. cockerelli produced six waveform families and four types, which represent the following proposed biological meanings: family A, initial penetration and sheath salivation; family B, penetration of epidermal cells; family C, secretion of most of the salivary sheath and stylet pathway in mesophyll and parenchyma, with two types, C1 and C2, of unknown meaning; family D, initial contact with phloem cells; family E, activities in phloem cells, with two types, E1, putative phloem salivation, and E2, phloem sap ingestion; and family G, xylem ingestion. In addition, a previously unreported variant of waveform G was characterized and correlated with applied signal type. Variation in D and G waveform appearances was correlated with polarity, type, and magnitude of applied signal. Results suggest that active phloem sap ingestion during E2 may play a critical role in acquisition of Lso bacterial cells. E1 may be important in inoculation of the bacterium into phloem sieve elements because it may represent salivation into phloem sieve elements. Analysis of B. cockerelli waveforms could lead to faster development of resistant host plant varieties, strengthen integrated pest management strategies by incorporating alternative plant hosts, and maximize the efÞciency of pesticides.
Our knowledge of the feeding behavior of piercingÐ sucking insects has dramatically changed since the introduction of the earliest electronic feeding monitor in 1964 Kinsey 1964, Backus and Bennett 2009) . Now termed an electrical penetration graph (EPG) monitor, this technology makes the insect and plant part of the closed electrical circuit, and allows researchers to measure electrical resistance changes and biopotientals that occur during stylet probing or penetration (McLean and Kinsey 1964; Tjallingii 1978 Tjallingii , 1985 Tjallingii , 1988 Backus et al. 2000; Walker and Janssen 2000) . Such electrical changes allow researchers to study the otherwise invisible feeding behaviors of these insects. Although stylet probing behaviors and transmission processes have been studied in great detail for aphids in relation to some of the phytopathogenic viruses they transmit (i.e., acquire and inoculate), relatively little is known of these activities in other important hemipteran insect vectors, such as leafhoppers and psyllids (Prado and Tjallingii 1994, Bonani et al. 2009 ). Vectors include the potatoÐtomato psyllid, Bactericera cockerelli (Šulc) (Hemiptera: Triozidae), which was recently identiÞed as the vector of the bacterium "Candidatus Liberibacter solanacearum" (Lso), the putative causal agent of "zebra chip" (ZC), a new and economically important disease of potato (Solanum tuberosum L.; Munyaneza et al. 2007 , Munyaneza 2012 , Munyaneza and Henne 2012 . Lso also severely affects other solanaceous crops and carrot (Munyaneza et al. 2010a,b; Munyaneza 2012) .
ZC has caused millions of dollars in losses to the potato industry in the United States, Mexico, several countries in Central America, and New Zealand (Munyaneza et al. 2007 , Munyaneza 2012 , Munyaneza and Henne 2012 . Plants infected with ZC exhibit a broad range of symptoms that resemble those of psyllid yellows and potato purple top diseases (Wallis 1955 , Munyaneza et al. 2007 , Munyaneza 2012 , Munyaneza and Henne 2012 . Foliar symptoms include chlorosis, swollen internodes, browning of the vascular tissues, leaf curling or scorching, and early senescence of the plant (Munyaneza et al. 2007 , Munyaneza 2012 . Symptoms of ZC in potato tubers include collapsed stolons, browning of the vascular ring, and necrotic ßecking of internal tissues. Necrotic symptoms in the tubers are further pronounced once the tubers are processed and fried to produce chips and French fries, resulting in patterns of darkened striations (Munyaneza 2012) . Striations not only give the disease its name of "zebra chip," but also result in the rejection of disease-affected potato crops for both fresh and processing markets (Munyaneza et al. 2007 , Munyaneza 2012 .
Despite the importance of B. cockerelli as a vector of Lso in potato and other solanaceous crops, very little is known about its stylet probing behaviors that control acquisition and inoculation of Lso to its host plants. Based on the persistent, circulative nature of the phloem-limited Lso (Munyaneza 2012) , it is likely that two main probing behaviors of the psyllid control its acquisition and inoculation. These are: 1) phloem sap ingestion, during which Lso is acquired from a host plant, and 2) salivation into a phloem sieve element, during which inoculation occurs. IdentiÞcation of the waveforms that represent these putative Lso transmission behaviors is crucial for future application of EPG in development of pest management strategies that would impede the insectÕs probing behavior and reduce its efÞcacy as a vector.
Before using EPG as a tool to assess the feeding behavior of any previously unrecorded species of insect, such as B. cockerelli, one must Þrst complete a series of consecutive experiments. The Þrst set of experiments is used to help identify distinct patterns of output voltage to be named as waveforms, and then characterize them based upon their electrical origin and appearance. The second set of experiments is then used to correlate the previously characterized waveform types with the location of salivary sheath termini within the plant (i.e., epidermis, mesophyll, phloem sieve elements, and xylem) and the corresponding stylet activities associated with those tissues (e.g., stylet movements, salivation, and ingestion). Completion of these experiments is used to satisfy a set of conditions termed the "triangle of correlations" (Walker 2000) , which essentially deÞnes the biological meaning of each characterized waveform. The process of correlation is an arduous task in EPG science, that can often require many years of complex methodology and specialized equipment, including plant tissue histology; light, confocal, or electron microscopy; artiÞ-cial diet studies; excretory droplet studies; and other methods (Walker 2000) . However, it is only after these studies are carried out that the waveforms are considered deÞnitively deÞned and usable for future studies.
The current study takes advantage of a new type of EPG monitor to shorten the arduous correlation process by rapidly and reliably determining the electrical origins of waveforms. The ACÐDC four-channel monitor used for the present project shares nearly identical circuitry with the ACÐDC Correlation Monitor (Backus and Bennett 2009 ). The ACÐDC monitor features allow precise measurement and standardization of applied voltage type (AC or DC), magnitude (amount), and polarity (positive or negative). There is also a selectable range of input impedance (Ri) levels (effectively, ampliÞer sensitivity levels) that can be switched from 10 6 to 10 13 ⍀. Such manipulation of Ri settings during the occurrence of a particular waveform allows researchers to make inferences about unique components (electrical origins or mechanisms) of the waveform, that is, whether they are based primarily on resistance (R) or emf (electromotive force or biopotential).
R components originate mainly from the following three mechanisms during feeding: 1) electrical resistance to ionically conductive ßuid ßow because of the activity of valves and pumps in the hemipteran head (precibarial valve, cibarial diaphragm pumping, and salivary syringe pumping), 2) electrical conductivity of saliva, or 3) depth of stylets relative to plant interior. The emf components originate mainly from membrane potentials of plant cell membranes, especially when they are punctured by the stylets, and from streaming potentials caused by the ßuid movements in the two capillary-like stylet (food and salivary) canals (Walker 2000) . R-component waveforms are emphasized at low Ri levels, primarily 10 6 Ð10 8 ⍀, becoming entirely R at 10 6 ⍀; emf components are more strongly emphasized at Ri levels of 10 9 Ð10 10 , becoming entirely emf at 10 13 ⍀. These properties are explained by the R or emf responsiveness curve (Backus and Bennett 2009 ). Thus, switching among different Ri levels during the occurrence of a particular waveform type manifests real, predictable effects on waveform amplitude or appearance that can identify R or emf components of the waveforms Bennett 2009, Backus et al. 2013) . In turn, understanding electrical origins of waveforms can be used to make inferences and assemble testable hypotheses about biological meanings such as stylet location and activities, especially when coupled with supporting data from other correlations.
Herein, we report the Þrst study to deÞne the EPG waveforms representing stylet penetration behaviors of B. cockerelli feeding on potato. Waveforms produced by adult B. cockerrelli on potato, tomato, and pepper were Þrst identiÞed and characterized. Waveforms then were correlated with cell types in potato, using light microscopy of salivary sheath termini after probes were artiÞcially terminated during the identiÞed waveforms. In addition, for the Þrst time in psyllid EPG studies, tests were performed using switchable Ri levels, as well as variable applied signal voltages and polarites that were accurately quantiÞed. Together, these data on electrical origins were used to propose hypothesized biological meanings for the waveforms and to partially complete the triangle of correlations for this species .
Materials and Methods
Sources of Insects and Plants. B. cockerelli for Experiment 1 (described in Experimental Design section) were from a colony established with insects originally collected from a commercial potato Þeld in Dalhart, TX, in 2007 and maintained at the U.S. Department of AgricultureÐAgricultural Research Service (USDAÐARS) Wapato facility in Washington, under environmental conditions described by Munyaneza et al. (2007) . Brießy, psyllids were continuously reared on potato (cv. "Atlantic") plants in a controlled environmental room maintained at 29ЊC, 50% relative humidity, and a photoperiod of 16:8 (L:D) h. Psyllids were shipped under permit to the USDAÐARS facility in Parlier, CA, for the EPG trial, where the insects were reared in a controlled laboratory setting on potato (same cv.), tomato (Solanum lycopersicum L.), or pepper (Capsicum annuum L.) plants (one host at a time) in BugDorm cages (BioQuip, Rancho Dominguez, CA), depending upon availability of plants. Cages containing the insects and plants were maintained indoors under artiÞcial lighting with a photoperiod of 14:10 (L:D) h and temperatures between 24 and 28ЊC. The plants were grown in a greenhouse using Sunshine mix #1 soil and fertilized with Osmocote (Scotts, Marysville, OH) (14:14:14, N:P:K) fertilizer. Supplemental lighting used in the greenhouse achieved a year-round photoperiod of 16:8 (L:D) h with a temperature ranging between 18 and 30ЊC. All insects used in Experiment 1 (described in Experimental Design section) were conditioned on "Atlantic" potato plants for 1 d before the start of EPG recordings. For Experiment 2 (described in Experimental Design section), the B. cockerelli colony established for Experiment 1 was maintained in Parlier on pepper plants, which were easier to rear than potato or tomato. No conditioning was performed for Experiment 2 (described in Experimental Design section) because insects were both reared and tested on pepper. Waveform appearances did not differ among hosts when the same monitor settings were used. EPG Recordings. Psyllid adults were manually immobilized by gripping their fore-and hind wings with a pair of soft grip forceps (BioQuip, Rancho Dominguez, CA). Under a Leica MZ6 (Leica Microsystems Inc., Buffalo Grove, IL) stereomicroscope, gold wire 25.4 m in diameter (sold as 0.0010 in.; Sigmund Cohn Corporation, Mt. Vernon, NY) was attached to the pronotum, using hand-mixed, water-based silver glue (1:1:1 [vol:vol:wt] white household glue:water:silver ßake; Inframat Advanced Materials LLC, Manchester, CT) as an adhesive. Insects were then starved for 0.5Ð1 h before being placed on the abaxial surface of a leaf. Once on the plant, the insects were given access periods of 1Ð24 h, depending upon the treatment the insects were to receive, as described below. Waveforms were acquired using a four-channel ACÐDC EPG monitor (Backus and Bennett 2009 ; EPG Equipment Co., Otterville, MO). The signal was digitized using a WinDaq DI-720 analog-to-digital (AÐD) board and recorded with WinDaq Proϩ acquisition software (DATAQ Instruments, Akron, OH) at a sample rate of 100 Hz.
Experimental Design. For Experiment 1, one or two insects at a time were EPG-recorded on potato leaves, using one of two methods: 1) to record undisturbed, continuous waveforms in naturally terminated probes, insects were allowed a 24-h access period at Ri levels of 10 13 ⍀, and either AC or DC applied signal (n ϭ 2 insects per level) and 2) to control for possible differences in waveform appearance caused by differing wiring success for individual insects, recordings were begun at an initial Ri of 10 9 ⍀, then subsequently switched to each of the other Ri levels sequentially until most Ri levels had been recorded for the same waveform type within the same insect (n ϭ 5). For Experiment 1 recordings, applied voltages were standardized at 25 mV AC or 20 mV DC for Ri levels of 10 6 Ð10 9 ⍀; no substrate voltage (0 V) was used for either AC or DC at Ri of 10 10 and 10
13
⍀. Most DC recordings were performed using positive polarity applied signals, but R and emf was further investigated by rapidly toggle-switching to negative polarity at same voltage levels for n ϭ 2 insects per waveform. In total, 84 insects were monitored for Experiment 1.
For Experiment 2, psyllids were recorded on pepper leaves using higher applied signal voltages than were used for Experiment 1, to observe the effects of various voltage levels on waveform appearance. Actual voltage levels were chosen based on comparison of applied voltages available in the Giga8 EPG monitor (EPG Systems, Wageningen, The Netherlands), because this monitor was used for previously published waveform appearances (see Supp Information [online only]). For Experiment 2 recordings, four psyllids per day were wired as above and recorded continuously for 24 Ð 65 h. Fourteen insects were recorded for varying time periods using 100 Ð200 mV DC (positive or negative) applied signal (total 244 insect-h of recordings), while eight insects were recorded for varying time periods using 500 Ð 600 mV DC (positive or negative) or AC, all with an Ri of 10 9 ⍀ (total 140 insect-h of recordings). An additional 16 insects were recorded using 50 Ð75 mV AC applied signal, with varying Ri levels of 10 7 , 10 8 , and 10 9 ⍀ (total 2,400 insect-h of recordings). In addition, during these recordings, an interval of Ϸ2 min was used between switches for n ϭ 5 insects, for each of the longest-lasting, regular (repetitive) waveform types, that is, C, E1, E2, and G (see waveform descriptions below). Finally, each of two insects was recorded with 75 mV negative DC at Ri of 10 8 and 10 9 ⍀, respectively. Two other insects were recorded in similar manner with 200 mV negative DC (total 88 insect-h of recording). In total, 46 insects were monitored for Experiment 2.
After recordings for each experiment were acquired, representative waveform excerpts from all recording methods were collected and assembled for AC and DC substrate voltages and for all Ris using Microsoft Excel (Microsoft Corporation, Redmond, WA). Relative amplitudes of the described EPG waveforms were based upon the percentage of voltage range occupied by peak-to-valley amplitude, considering nonprobing baseline as the bottom of the voltage range and the top of waveform A peaks (see in Probing Waveforms and Overviews section) as 100% of the voltage range (see further explanation in Walker 2000 , Civolani et al. 2011 . Frequency ranges were derived from Experiment 1, using Þve observations per Ri level, per waveform type, for a total of 150 observations. Waveform Naming Convention. We used the same naming convention as was previously established for the Asian citrus psyllid, Diaphorina citri Kuwayama (Bonani et al. 2009 ), and European pear psylla, Cacopsylla pyri L. (Civolani et al. 2011) , except that we did not insert ÔPÕ (for psyllid) in front of the waveform names, as was done in the latter paper. However, we agree with Civolani et al. (2011) that, despite following the use of waveform names adapted from aphid EPG by Bonani et al. (2009) , psyllid waveforms are likely to represent behaviors substantially different from those of aphids.
Waveform-Probe Polarities. In the current study, we have modiÞed the traditional deÞnitions for the EPG terms "monophasic" and "biphasic" waveform polarities, also termed voltage levels. The justiÞcation for this redeÞnition is provided in the Discussion section. Before this study, a waveform that was strictly positive-or negative-going was considered monophasic, while waveforms that were both positive-and negative-going were termed biphasic (Harrewijn et al. 1996) . In similar fashion, a single probe whose waveforms lie partly above and partly below the 0 V baseline (nonprobing) was considered biphasic, while a probe that displays only one polarity was termed monophasic (either positive or negative) (Backus and Bennett 2009) .
Most recent EPG studies do not either measure or document baseline voltage levels and often assume it to be 0 V based on aphid studies performed years ago (Tjallingii 1978 (Tjallingii , 1990 . For example, recent psyllid studies such as Butler et al. (2012) , assumed a reference baseline level of 0 V (to determine the beginning and end of a probe), but voltage was not speciÞcally documented (G. P. Walker, personal communication). Consequently, determining whether a waveform or probe is mono-or biphasic can be problematic if the baseline is not 0 V, especially if it is negative. In the current study, the baseline voltage was not assumed to be 0 V. Instead, whether a probe or waveform was considered monophasic or biphasic was deÞned for each probe speciÞcally in reference to the measured voltage of the immediately preceding baseline (in the prerectiÞed output, thereby eliminating the need for perfect offset of the postrectiÞed output; Backus and Bennett 2009).
Plant Tissue Histology.
To correlate waveforms with salivary sheath termini in plant cell types, psyllids were monitored under the same conditions used for the AC or DC recordings at various Ris (see above). When the psyllid was motionless during the EPG recording, its position on the plant was marked using a Sharpie Ultra Fine Point permanent marker. After marking, the probe was artiÞcially terminated during a waveform of interest by rapidly pulling the insect from the host by its wire. The potted plant was then transferred to a fume hood, where Ϸ0.5 cm 2 of tissue around the mark was excised from the leaf and immediately placed in 5% (vol:vol) paraformaldehyde Þxative for Ϸ24 h before processing of tissues. Samples were then washed with HEPES (N-(2-Hydroxyethyl)-piperazine-NЈ-(2-ethanesulfonic acid)) buffer, dehydrated through a standard ethanolÐtert-butanol series, then inÞltrated with Paraplast X-tra (St. Louis, MO) at 52ЊC (Berlyn and Miksche 1976, Ruzin 1999) . ParafÞn blocks were serial-sectioned at 10 m using a rotary microtome (Microm HM355, Walldorf, Germany). Ribbons were mounted on slides and allowed to dry overnight on a slide warmer. All slides were dewaxed with 100% xylene, then stained with 0.5% (wt:vol) aqueous safranin and counterstained using 0.01% (wt: vol) ethanolic fast green (Berlyn and Miksche 1976) . Slides were examined via bright Þeld compound light microscopy with a Leica DM 5000B (Leica Microsystems, Jena, Germany), and imaged via a microscopemounted Leica DC 500 digital camera coupled to a Dell Precision computer. Adobe Photoshop v. CS2 (Adobe Systems, San Jose, CA) was used to enhance image brightness, contrast and color.
Results

Stylet Penetration Method.
After initial penetration into the abaxial surface of the leaf, stylets appeared to travel intercellularly through epidermal and parenchyma tissues because histological sections of salivary sheaths ( Fig. 1) followed the path of cell walls and revealed very little or no observable disturbance to cell wall structure or cell contents in plant cells along the pathway to the phloem. Nonetheless, potential drops, which are considered to represent intracellular penetration, were not observed in any of the EPG recordings.
Waveform Family NP, Baselines, and Waveform Polarities. B. cockerelli Þrst showed a period of baseline or nonprobing, maintained for up to Ϸ10 min, during which only small, very short-amplitude spikes often occurred; these spikes did not have a standard amplitude or frequency.
B. cockerelli baseline voltages were never 0 V or even within 50 mV of 0 V. Instead, at all Ri levels used, when applied voltages were 0 Ð75 mV DC positive or negative, baselines were consistently negative, between Ϫ100 and Ϫ500 mV (Windaq output voltage). At higher applied signal magnitudes, baseline levels were additive onto the standard negative baseline, that is, strongly negative applied signal drove the baseline more deeply negative, while positive applied sig-nal voltages had to be very high (500 Ð 600 mV) to drive the baseline toward positive. In other words, psyllid nonprobing behaviors such as walking and standing normally produced a strongly negative electrical offset that required highly positive applied voltage to overcome in order to result in positive baselines.
Applied signal type, magnitude, and DC polarity had a strong effect on polarity of probing waveforms, that is, monophasic or biphasic voltage levels, especially at Ri 10 9 ⍀. When positive DC voltages of 500 Ð 600 mV were applied, all output signals were monophasic positive (i.e., positive-going waveforms that were above the negative baseline, though not necessarily above 0 V); negative DC Ͼ200 mV elicited monophasic negative (below baseline) recordings. Recordings at Ri 10 8 ⍀ were sometimes monophasic positive and sometimes biphasic. Recordings at Ri 10 7 ⍀ were always monophasic positive with negative baselines, regardless of type and magnitude of applied signal. Baselines were not recorded at Ri 10 6 ⍀. Probing Waveforms and Overviews. Taking into consideration that the wiring quality of individual insects caused slight differences in appearance of produced waveforms, the overall Þne-, medium-, and course-structure appearances of B. cockerelli waveforms were consistent enough among individual insects to segregate waveform families and types. Consistency was strong within each combination of applied voltage type, magnitude, and Ri level, although variation (described further below) occurred between applied voltages and Ri levels. Waveform characterization emphasized those seen at Ri level 10 9 ⍀, similar to previously published work on aphids and psyllids, while Ri switches and recordings across a series of Ri levels were used primarily to test R vs. emf components of those waveforms. Any results not speciÞcally attributed to one experiment were found with both experiments.
Adult B. cockerelli produced six families of EPG waveforms and four types within those families, for a total of eight waveforms, namely, A, B, C1, C2, D, E1, E2, and G. Compressed overviews of B. cockerelli waveforms showed that different waveform types were easily distinguished by relative amplitude (Fig.  2) . The following EPG waveforms, summarized in Table 1 , are described in their general order of appearance during recordings.
Waveform Family A. The Þrst waveform in a probe (i.e., stylet insertion) consisted of highly oscillating, irregular, large-amplitude ( Fig. 2A, Table 1 ) spikes of variable frequency (2Ð7 Hz). Relative amplitude of A spikes was highest of all waveforms. These spikes lasted for several sec, before recordings transitioned to waveform family B. Because A spikes were very ephemeral, no histological correlations were made for A.
Waveform Family B.
Waveform family B consisted of slow (0.1Ð 0.4 Hz), regular hump-like peaks, often with short, rapid spikes at their tips. Relative amplitude of B peaks gradually diminished and they lengthened in duration, until the peaks transitioned directly into waveform family C (in Waveform Family C section), becoming type C2 ( Fig.  2A ). Similar to waveform family A, no histological correlations were made for family B.
Interestingly, both waveform A spikes and B peaks were almost never seen at Ri 10 9 ⍀ in Experiment 1 when applied signal voltage was low, while A and B were always present in probes from Experiment 2 (at all Ri levels) using higher, positive applied voltages, but rarely with negative voltages. Thus, presence and amplitude of waveform A spikes was highly dependent on applied signal strength. In addition, relative amplitude of A and B increased proportionally as Ri level was decreased, such that at Ri 10 6 and 10 7 ⍀, amplitudes of A and B were 5Ð15 ϫ higher than amplitude of the (at those levels) very short C2 but not C1 (see in Waveform Family C section). The above Þndings demonstrate that both A and B are heavily R-dominated waveforms.
Waveform Family C. The third waveform family recorded during a probe consisted of highly regular, rapid sine-wave oscillations (Figs. 2 and 3A) with an overall variable frequency (11.5Ð19 Hz for C1 and C2 [see below] combined), and average relative amplitude of 15Ð25% at Ri level of 10 9 ⍀. This C family was divided into two sequentially alternating waveform types, C1 and C2 (Fig. 3B-D) . C1 presented a regularfrequency, moderate-amplitude sine-wave (Table 1) . Overall (i.e., C1 and C2 combined, see below) frequency was 10 Ð16 Hz. C2 presented a slower, mixedamplitude, irregular sine-wave at a slightly higher voltage level than C1, with a frequency range of 7Ð11 Hz. C1 events were of variable duration, and usually alternated with C2, whose duration was more consistent and shorter than durations of C1 events. Interestingly, C2 occurred at a slightly higher ( Fig. 2A) or lower ( Fig. 3B ) voltage level (depending upon applied voltage magnitude and polarity) than C1, so that a compressed view of C showed a hump or valley, respectively, where each C2 occurred against the background of C1 (Fig. 2A) ; the frequency of occurrence of C2 events was similar to that of the low-frequency B wave preceding C. C2 could lead to more C1 or represent a transition to another waveform type. C family waveforms were observed in all probes and occurred directly after B and preceding any other described waveform type.
Relative amplitudes of C1 and C2 did not appear to differ within type, at Ri levels of 10 9 , 10 10 , and 10 13 ⍀. Yet, C1 diminished in amplitude at Ri levels of 10 8 and 10 7 (especially relative to A and B, see above) and was so tiny at 10 6 ⍀ that it almost disappeared into the noise ßoor, leaving only intermittent C2, which was proportionally larger. This change in C1 amplitude supports that C1 was dominated by emf, with very little R. Apparently, C1 was an underlying, constant waveform that was masked when intermittent, overlying C2 was performed. In contrast, C2 continued to display similar amplitude at both lower and higher Ri levels, suggesting a mixture of R and emf. In a few rare cases at Ri levels 10 8 and 10 9 ⍀, the waveform trace crossed the 0 V level during C, whereupon the slow waves of C2 immediately became inverted (barely visible in Fig. 2A) . However, the interspersed C1 did not invert. Thus, although C2 was composed of both R and emf, R was dominant. Moreover, the C family of waveforms looked the same, regardless of whether an AC or DC signal was applied. Histological analysis of all salivary sheaths for probes artiÞcially terminated during C (n ϭ 10) showed sheath tips located in parenchymous tissue outside the vascular bundle (Fig. 1A, red asterisk) . Sometimes the sheath tips appeared to be inside a parenchyma cell, as in Fig. 1A , sometimes in extracellular space.
The later portions of a family C event at Ri 10 9 ⍀ sometimes would evolve into highly variable and unconventional versions of C, for example, continuous C1 without C2 or a semiregular, long-duration waveform that resembled a lower-frequency variant of continuous C2. Interestingly, at a similar late time in psyllid pathway, very different waveforms were recorded at lower Ri levels, especially 10 6 and 10 7 ⍀. These waveforms looked nothing like any waveforms at Ri 10 9 ⍀, and represent a whole new level of information about psyllid probing. Unfortunately, it was not practical in the time frame of this study to explore those lower-Ri waveforms in more depth. However, it was clear that the full range of psyllid pathway waveforms is much greater than those seen at just Ri 10 9 ⍀. Waveform Family D. After a variable duration of family C, a distinct transition occurred through a complex waveform named D. Waveform family D was characterized by a slow series of tall, undulating, lowfrequency (1Ð3 Hz; sometimes slightly rounded or triangular) square-waves ( Fig. 4A and B) that gradually diminished in amplitude until they disappeared. Following these square-waves was a ßat plateau with a gradually positive incline (Fig. 4A) . When more compressed, as in Fig. 4A and D, it resembled an upward-pointing comb with the tall, narrow squarewaves being the tines of the comb. Superimposed on this ßat plateau was a higher-frequency, somewhat regular, triangle-wave with a frequency range of 7Ð10 Hz ( Fig. 4A and C) that gradually increased in amplitude (but never to the size of the earlier tines) and evolved in appearance to become more square-waved. D was a short-duration waveform (typically Ͻ1 min per event). At low applied (positive) signal voltages used in Experiment 1, the end of waveform D usually was marked by a gradual, upward voltage change (or At the variable applied signal voltages used in Experiment 2, the appearance of waveform D changed signiÞcantly, depending on type (negative or positive DC) and magnitude of applied signal, and whether the baseline was negative or positive. In brief, the three most variable features of D were: 1) orientation of the tines in the comb (upward or downward), 2) whether the waveform was monophasic or biphasic, and 3) direction and depth of the abrupt voltage change. In general, comb tines were oriented upward, most probes were monophasic positive and the abrupt voltage change was upward, until the most negative voltage [Ϫ600 mV DC] was applied, after which the tines turned downward, probes became monophasic negative, and the voltage change was downward. Details, images, and data about these changes in D appearance are described and discussed in Supp Information (online only).
The above information suggests that both the early comb-like features of the D waveform and the voltage change at the end of D were R-dominated, as the comb and voltage change were inverted with highly negative DC applied signal (Supp Information [online only]). However, because the voltage change is not entirely predictable based on applied signal, a small emf component is also supported.
Owing to the highly ephemeral nature of waveform D and its absence from many probes, histological correlation was not performed and switches in Ri were not made in the middle of D. As with other waveforms, there were no differences in appearance between AC and DC applied signal within the same voltage and Ri level, except that AC applied signals always generated monophasic positive voltage levels at D.
Waveform Family E: Type E1. Family E waveforms were always correlated with phloem tissue. As with other sternorrhynchans, family E was divided into two types: E1 and E2. When waveforms were terminated during E1 (n ϭ 10), histological samples showed salivary sheath termini in phloem tissue (Fig. 1B) . E1 was a highly regular-frequency (within a single insect, but varying across insects) triangle-wave ( Fig. 5A and B and C), with a frequency range of 5.0 Ð7.5 Hz (Table  1) . For measurement purposes, E1 was considered to begin after the voltage change at the end of D (Fig. 4 and Supp Information [online only]). In Experiment 1 using low applied signals, E1 was composed of medium-sized peaks interspersed with consecutive small spikelets (the latter together forming waves). Interestingly, small-amplitude spikelets of similar appearance and frequency began on the plateau portion of the preceding D waveform and evolved (increased in amplitude) as D proceeded. After the voltage change at the end of D, the spikelets continued to increase in size and appearance until they stabilized at the appearance shown in Fig. 5A and B. In Experiment 2, using higher applied signals, most E1 spikelets within waves proportionally increased in amplitude until they reached the same amplitude as the peaks ( 5C; those that did not increase in amplitude were attributed to noise). Beginning at slightly higher applied voltages (Ͼ50 Ð75 mV) and also seen at higher voltage levels, a more uniform series of positivegoing peaks began almost immediately after the voltage drop or rise at the end of D (e.g., Supp Information [online only]) and continued, unchanged, for the duration of E1.
An E1 waveform event could be followed by either E2 (see in Waveform Family E: Type E2 section) or more C (stylet pathway), or a termination of the probe altogether. In Experiment 1, E1 peaks were prominent at high Ri levels of 10 8 through 10 13 ⍀. However, E1 peaks began to diminish as Ri level was lowered from 10 9 ⍀, especially at Ri of 10 7 ⍀, and disappeared completely at 10 6 ⍀. In contrast, E1 waves became less deÞned as Ri level was increased from 10 9 ⍀ and disappeared completely at 10 13 ⍀. E1 waves became more prominent as Ri level was decreased, until they were all that remained of the waveform at 10 6 ⍀. This Ri-switching result from Experiment 1 coincides with the increasing applied voltage result from Experiment 2. Thus, the above Þndings support that E1 peaks were emf-dominated, while E1 waves had a strong R component. Although waves were essentially an appliedsignal-dependent variant of peaks, their terminology has been well-established for both aphids and psyllids. Thus peaks and waves were considered part of E1 and not separated as named subtypes or variants. Overall, E1 waveform looked the same, regardless of whether an AC or positive DC signal was applied, within the same applied voltage or Ri level.
Waveform Family E: Type E2. As with E1, all salivary sheath tips (n ϭ 10) were in phloem tissue (Fig.  1C) during E2. Always preceded by E1, type E2 from Experiment 1 was a regular waveform with distinctly repeating peak-and-wave structure similar to E1 except that the peaks were downward pointing instead of upward pointing (Figs. 5D and E) . Waves had frequency ranges of 3Ð 8 Hz and peaks were 1Ð3 Hz (Table 1; Figs. 5D and E).
In Experiment 1, relative amplitude of E2 was highly variable (10 Ð 40%), depending on Ri level. Downward peaks of E2 were relatively unchanged in amplitude at Ri levels 10 9 through 10 13 ⍀; however, E2 peak amplitude was reduced at 10 8 ⍀, and disappeared completely at both 10 7 and 10 6 ⍀. Conversely, the E2 waves were reduced in amplitude at 10 10 ⍀ and then disappeared completely at 10 13 ⍀. At lower Ris, E2 waves became more pronounced until they were all that remained (as peaks disappeared) at Ri levels of 10 7 and 10 6 ⍀. Thus in Experiment 1, E2 peaks demonstrated emf dominance, while E2 waves were highly R-dominated. Again similar to E1, when applied voltages were increased in Experiment 2, most spikelets in the E2 wave enlarged until they were the same amplitude as the peaks (Fig. 5 F) , again supporting an R component to the wave. Constant E2 amplitudes then decreased in step with decreasing Ri levels. The above results show that, like E1, E2 was a combination of R and emf components whose proportion in the total waveform output (and relative amplitude) varied with Ri level. Again, E2 peaks and waves were considered part of E2 and not separated as subtypes. E2 was always downward pointing and similar in appearance, regardless of whether applied AC or DC signals (negative or positive) were used.
Waveform Family G. The G waveform presented two distinctly different variants named and explained herein for the Þrst time (see Discussion for justiÞca-tion for naming them "variants" rather than new waveform types). The Þrst variant (G v 1; Fig. 6A and B) consisted of a constant-or near-constant-amplitude, rounded-peak, near-sine-wave with sharp, downwardpointing valleys (Fig. 6B) . Relative amplitude was variable but often very high (50 Ð90%; Fig. 2B ), with a low frequency range of 5Ð9 Hz (Table 1) . G v 1 was commonly seen in Experiment 1. Switching tests showed that G amplitudes within a single insect (using the same applied signal type and voltage level) did not differ at any of the Ri levels of 10 6 through 10 13 ⍀, suggesting mixed R and emf components. Of greatest signiÞcance, Experiment 2 analyses later revealed that when G v1 occurred, it was found most predictably in probes recorded with medium-to-large applied negative DC voltages (Ϫ75 to Ϫ600 mV) at Ri levels of 10 8 ⍀ or higher. In those cases, baselines were highly negative and the entire amplitude of the G waveform was Ͻ0 V (Fig. 7A) . Polarity of such probes was either biphasic (Fig. 7A ) or monophasic negative (data not shown).
The second waveform G variant (v2; Fig. 6C and D ) was similar to G v1, but exhibited upward-pointing narrow peaks intermittently superimposed on the wave (peak-and-wave terms used as with E1 and E2).
During Experiment 1, G v 2 was uncommon, occurring in only 20 Ð25% of all recordings. The relative amplitudes of G v2 waveform peaks remained constant for Ri levels of 10 6 through 10 9 ⍀; however, the peaks began to diminish in height at higher Ris and disappeared entirely by 10 13 ⍀. Thus, G v2 waveform peaks were R-dominated. In contrast, waves in G v2 began to decrease in amplitude at a Ri level of 10 8 and completely disappeared at 10 6 ⍀; thus, waves were mostly emf-dominated. G v2 only occurred when applied signals were AC, positive DC, or weakly negative DC (0 Ð75 mV DC negative) and probes were monophasic positive. In those cases, the entire amplitude of the G waveform would be Ͼ0 V (Fig. 7B and C) .
Comparing the above electrical Þndings for G v1 vs. G v2, we conclude that the strongly R-dominated peak in G v2 was actually present in G v1 at Ri 10 9 ⍀, but probably was inverted by negative polarity of the applied DC signal (compare Fig. 6B and D) . If the artifactual inversion of the peak in G v2 was reverted to the native polarity, it would be more negative pointing, and thus would blend with the wave. In contrast, the peak in G v2 was present with positive applied DC signal, then accentuated as the Ri level was lowered. Consequently, an artifact of applied signal (orientation of the peak) actually revealed an R component of G (the peak) not previously revealed in earlier aphid or psyllid recordings. This showed that G is a mixture of R and emf. All salivary sheath termini for both G v1 (n ϭ 10; Fig. 1D ) and G v2 (n ϭ 10; Fig. 1E ) were found in xylem tissue.
Discussion
EPG studies carried out using both AC (Þrst generation) and DC (second generation) EPG monitors have helped to elucidate valuable information regarding interactions between many sternorrhynchans, such as aphids, mealy bugs, and whiteßies, and their respective host plants. Those studies provided detailed information about the relationship between stylet probing behaviors and likely transmission mechanisms of plant pathogens transmitted by these insects. They also demonstrated that EPG can be used as a tool to help screen for plant resistance mechanisms and assess pathogen transmission by piercingÐsucking insects. However, before the research value of EPG can be fully realized, waveforms of newly recorded species must be deÞned, that is, characterized and correlated with stylet activities and their locations in the plant.
Stylet probing behaviors of psyllids, including the B. cockerelli, are presently under active and intensive study. Five EPG studies published before the present one deÞned waveforms from psyllid feeding behavior. The present article is the Þrst waveform characterization for B. cockerelli. The earliest studies examined the probing activities of nymphs and adults of the pear psylla, Psylla pyricola Foerster (Ullman and McLean 1988a,b) , using an AC system (Þxed Ri of 10 6 ⍀). These older studies identiÞed two different waveform types that represented salivation and ingestion. The more modern research now recognizes that AC monitor waveforms emphasize R component waveforms and also, owing to extreme waveform compression, represent the coarse structure of waveforms, that is, the phase level. Thus, early psyllid waveforms represented the pathway and ingestion phases (Ullman and McLean 1988a,b) . A more recent study characterized additional EPG waveforms for the Asian citrus psyllid, D. citri, on sweet orange seedlings (Bonani et al. 2009 ) using the Giga8, a DC monitor (Þxed Ri of 10 9 ⍀). Most recently, Civolani et al. (2011) recorded European pear psylla, Cacopsylla pyri L., waveforms, also using the same monitor.
Both of the recent studies reported that waveforms A, B, and C were all detected in the mesophyll and parenthyma, E1 and E2 in phloem, and waveform G in the xylem tissue (note that in the Civolani et al. (2011) article, waveform names are preceded by "P"). However, no brief intracellular punctures (potential drops) were observed during plant pathway activities, which is in contrast to what is usually recorded in aphids and other Sternorrhyncha. Bonani et al. (2009) identiÞed and characterized Þve distinctive waveform types for D. citri, which resemble those of B. cockerelli. Civolani et al. (2011) identiÞed and characterized seven waveform types and two subtypes for C. pyri. Both Bonani et al. (2009) and Civolani et al. (2011) provided electrical and histological evidence that psyllid ingestion occurs in both xylem and phloem tissues. Finally, another recent study characterized and correlated a walking waveform (the spikes during nonprobing, termed Z therein) of D. citri (Youn et al. 2011) .
Three subsequent papers have used the previously characterized waveforms to quantitatively compare D. citri or B. cockerelli feeding on healthy untreated citrus vs. imidacloprid-treated citrus (Serikawa et al. 2012 , Butler et al. 2012 or healthy vs. huanglongbing-infected citrus (Cen et al. 2012) . Butler et al. (2012) cockerelli; we conclude that they can, and also provide additional characterizations and interpretation as to the biological meanings associated with each waveform.
In the current study, EPG waveforms of B. cockerelli were characterized and correlated with salivary sheath termini in certain cell types in the plant tissues. Characterization also included elucidation of R and emf components, with which we also will hypothesize putative stylet activities and provide support for correlation information gained by histology. B. cockerelli adults produced six distinctive waveform families and four types within them, for a total of eight waveforms that were described based on their appearance (amplitude and frequency), electrical characteristics (voltage level and electrical origin), and association with salivary sheath termini. Information gathered on electrical characteristics was combined with similarities in appearance among the waveforms of all the above psyllid EPG studies, as well as DC EPG waveforms previously described for other sternorrhynchans, such as aphids, to propose the following biological meanings for these waveforms (Tjallingii 1978 , Spiller et al. 1990 , Prado and Tjallingii 1994 , Pathway Waveforms, A, B, and C. Waveform families A and B occur at the very earliest start of a typical psyllid probe, and are heavily R-dominated. Both waveforms were seen by Bonani et al. (2009) and Civolani et al. (2011) . A and B are likely correlated with initial stylet contact with the plant and formation of the earliest part of the salivary sheath, as has been shown in other hemipterans (Backus et al. 2005) .
We histologically correlated waveform family C, including both waveform types, C1 and C2, for B. cockerelli, with salivary sheath secretion within parenchymous tissues. Although actual cell type probed cannot be determined via light microscopy for such small insects as psyllids in the absence of stylectomy and transmission electron microscopy, our results are similar to those of Bonani et al. (2009) and Civolani et al. (2011) . The highly regular C waveforms of D. citri had a frequency range between 11.5 and 19 Hz, similar to that found for B. cockerelli. Herein, the C family waveform was divided into two different types, C1 and C2, similar to Civolani et al. 2011 . Thus, we agree that A, B, and C probably represent stylet pathway activities and may be very similar to those of aphids.
In the C family waveform of B. cockerelli, C1 was composed of primarily emf components, while C2 was a mixture of R and emf, but R was more dominant. We hypothesize that the emf components of both C1 and C2 may be caused by ßuid ßow streaming potentials. The R component of C2 may represent a brief cessation of salivation to allow ßuid uptake to the precibarium, that is, sampling from the surrounding environment using cibarial pumping and opening or closing of valves, hence R (Dugravot et al. 2008) . These cessations may occur during otherwise uninterrupted sheath formation (C1) while the stylets penetrate toward the vascular bundle. The R-dominated C2 may mask underlying, smaller C1 that is still continuing. Thus, C2 might represent uptake of ßuid into the precibarium with the continued performance of underlying C1 salivation. The emf during C1 could be because of the streaming potentials in saliva, while that during C2 could be because of the streaming potentials of plant sap.
Putative Phloem Contact, D. B. cockerelli waveform D bears a strong resemblance to the comb-like D or PD waveforms described by Bonani et al. (2009) for D. citri and by Civolani et al. (2011) for C. pyri, respectively. Nonetheless, we were neither able to correlate B. cockerelli waveform D with salivary sheath termini nor was D the subject of switches in Ri during Experiment 1 because of its short duration. The behavioral activity associated with waveform D is unknown; however, we suspect that the histological correlation of D with phloem tissue performed by Bonani et al. (2009) and Civolani et al. (2011) (Civolani et al. 2011) . Using data also provided in the Supp Information (online only), we conÞrm the Þnding of Civolani et al. (2011) that the appearance of D varies greatly among individual psyllid recordings, dependent upon the type and polarity of applied signal used for recording. We shed further light on this observation by more precisely identifying the voltage levels responsible for the shifts in appearance, and show that the D appearance at the "zero" volt level identiÞed by Civolani et al. (2011) was actually (most likely) because of a small positive applied signal outputted by the type of monitor used. Most signiÞcantly, the voltage change at the end of D, termed a potential drop by Bonani et al. (2009) and analogized with the aphid potential drop, actually can be either a voltage drop or rise, dependent upon applied voltage. Psyllid waveforms, and therefore the probing behaviors they represent, are sufÞciently different from those of aphids that they should be interpreted on their own merits.
That said, we agree with both Bonani et al. (2009) and Civolani et al. (2011) that D could be a reliable indicator of Þrst contact with a phloem sieve element, because it always occurred before E1 and was correlated (by those authors) with salivary sheath tips in phloem. In addition, electrical Þndings from our Experiment 2 suggest that the R-dominated comb and voltage change of D could represent secretion of highly-conductive sheath saliva that begins on the outside of a phloem sieve element, but continues as the stylets penetrate the cell wall. The tiny emf component of the voltage change supports that it represents cell membrane breakage, as in aphid potential drops. However, the small size of the psyllid voltage change (never as large and dramatic as an aphid potential drop) supports that charge separation in the phloem cell is not complete, and therefore sheath salivation electrically overshadows the membrane breakage. In short, the D waveform likely reßects the initial stylet activities around and within phloem sieve elements as waveform C transitions to waveform E1, for all psyllids. However, the voltage change at the end of D probably does not have the exact same biological meaning as the potential drop in aphid recordings.
The appearance of the D waveform is unique to psyllids, with no equivalent appearance in any other sternorrhynchan family. This unique appearance plus its sequence in a typical probe suggest that the psyllid D waveform is an X wave, which is deÞned as a stereotypical, yet complex, repetitive pattern of waveforms that represent the initial contact with a given hemipteranÕs preferred cell type, that is, phloem or xylem ). In aphids, the X wave was correlated with the stylet tips in phloem by McLean and Kinsey (1967) , using the original AC monitor (Þxed Ri of 10 6 ⍀). Later researchers, using a DC monitor (Ri of 10 9 ⍀), showed that the aphid X wave represented a repeated cycle of pathwayÐsheath salivation events alternating with intracellular punctures; thus, the X wave (including the unique R-potential drop in Tjallingii and GabryÏ (1999) ) has been interpreted as repeated penetrations of a single phloem sieve element (Martin et al. 2007, Tjallingii and Hogen Esch 1993) . Two additional studies have demonstrated that X waves are a reliable indication of histologically correlated vascular cell penetration and imminent ingestion by deltocephaline leafhopper species (Wayadande and Nault 1993) and cicadelline (sharpshooter) leafhoppers (Almeida and Backus 2004, Backus et al. 2009 ). An X wave-like waveform (the J wave) has also recently been seen in chinch bugs, Blissus spp. (Backus et al. 2013) , and is hypothesized to represent phloem contact, based on electrical experiments similar to those documented herein. The idea that the psyllid D waveform is an X wave could have important implications because X waves also have been shown to control inoculation of nonpersistent pathogens in plants (MesÞn et al. 2008 ). However, it is unknown whether the putative psyllid X wave (D) could be involved with inoculation of Lso, because the vectorÐpathogen relationship for Lso and its vector is not fully understood at this point (Munyaneza 2012) .
Putative Salivation into Phloem Sieve Elements, E1. Waveform E1 is histologically correlated with salivary sheath termini in phloem tissue. This location matches the Þndings of Bonani et al. (2009) and Civolani et al. (2011) for other psyllids. Results from the current study demonstrated that E1 peaks were emfdominated, while E1 waves had a strong R component. In addition, B. cockerelli E1 not only resembled in appearance the E1 waveform of both D. citri (Bonani et al. 2009 ) and aphids (Prado and Tjallingii 1994) , but also in frequency, with a range of 4 Ð 8 Hz for B. cockerelli and 5Ð7.5 Hz, 4 Ð 8 Hz, and 2Ð 4 Hz for D. citri, C. pyri, and aphids, respectively (Tjallingii 1990 , Bonani et al. 2009 , Civolani et al. 2011 ). For C. pyri, E1 (termed PE1 in Civolani et al. 2011) showed very little change in appearance or structure while recorded with either positive, negative, or zero substrate voltage (but note the concerns cited in Supp Information [online only] about the lack of accuracy and consistency of applied voltage measures from the monitor used in that study). The above Þndings indicate a strong emf component to the waveform, which was also observed for the spikes of B. cockerelli E1 waveform during switches in Ri.
Accordingly, it is likely that E1 represents salivation in phloem sieve elements, as previously demonstrated for aphids (Tjallingii 1990, Prado and Tjallingii 1994) . We hypothesize that the underlying, R-dominated wave of E1 represents continuous ßow of electrically conductive saliva, while the overlying, emf-dominated peaks represent streaming potentials generated by ßow of saliva through the salivary duct to the salivary canal in the stylets. Each peak would represent a spurt of saliva. Enlarged peaks in the higher voltage wave may represent pumping of the piston-like lid of the salivary syringe. In B. cockerelli, a sine-wave of frequency similar to E1 peaks begins during the D waveform immediately preceding E1, then progresses directly into and evolves further during E1. The continuity of this small-amplitude sine-wave suggests that salivation begins just before phloem contact and continues as the stylets puncture the cell membrane and enter the phloem cell.
Putative Ingestion of Phloem Sap, E2. As seen with waveform E1, all salivary sheath termini were histologically correlated with phloem tissue. This location matches and veriÞes evidence from electrical switching experiments and previous studies (Bonani et al. 2009 , Civolani et al. 2011 . Again, as with E1, the B. cockerelli E2 not only resembled in appearance the E2 waveform of both D. citri (Bonani et al. 2009 ) and aphids (Prado and Tjallingii 1994) , but also the frequency range of 4 Ð9 Hz for B. cockerelli, 3Ð9 Hz for D. citri, 4 Ð 8 Hz for C. pyri, and 4 Ð9 Hz for aphids (Bonani et al. 2009 , Civolani et al. 2011 , Tjallingii 1990 . For C. pyri, both the downward-pointing peaks and the waves of waveform PE2 were diminished at a positive and zero substrate voltage when compared with the negative voltage (Civolani et al. 2011) . In addition, the C. pyri E2 waves were quite noisy at a positive and zero (likely very low positive; see Supp Information [online only]) applied voltages. Low applied voltage explains the appearance of our E2 waveforms from Experiment 1 at 10 9 ⍀ because a weakly positive DC substrate voltage (20 mV) was used. Moreover, the small positive voltage explains the loss of information during our switches in Ri levels because there was not enough current to produce a clear signal while stylets were in the phloem. Experiment 2, using higher applied voltages, restored the appearance to B. cockerelli E2 to one similar to other psyllid and aphid E2.
Downward-pointing E2 peaks demonstrated emf components, while E2 waves were highly R-dominated. The peak-and-wave structure of E2 likely represents a mixture of slightly active ingestion (cibarial pumping) and mostly passive uptake of sap from phloem sieve elements. During this type of ingestion, the R-dominated waves could represent partial opening and closing of the ball-and-socketlike precibarial valve, regulating inßow of positivepressure phloem sap, while the peaks represent streaming potentials caused by less frequent pumping of the cibarium (which is actually dilation and constriction of the tubular cibarium of psyllids [Ullman and McLean 1986] ). The overall amplitude of E2 is tiny because ingestion is mostly passive, requiring little movement of the pump and mostly movement of the very tiny precibarial valve. Passive phloem sap ingestion during E2 may play a critical role in acquisition of Lso bacterial cells because Lso is a phloem-limited pathogen (Bonani et al. 2009 , Munyaneza 2012 .
Putative Ingestion of Xylem Sap, G. Waveform G for B. cockerelli was manifested in two different variants or appearances that were found to be dependent on type and amount of applied signal, similar to more variable differences in appearance of D waveform. The two forms of G were termed variants, not waveform types, because the cause of their variable appearances was artifactual and not caused by differences in psyllid probing behaviors, as is the case with waveform types. The artifactual nature of psyllid G variants was supported by histology because both variants were correlated with sheaths tips terminating in xylem vessels. Thus, psyllid G (regardless of variant) is similar in meaning to aphid G waveform (Spiller et al. 1990 ) (see Supp Information [online only] for more on the artifactual nature of G). The appearance of B. cockerelli waveform G Variant 1 is virtually identical to the G waveform described for both aphids and can thus become distorted, both within and between Ri levels.
As a result of tarsal conductivity and waveform distortions, most psyllid waveforms are highly variable in appearance. This problem becomes most acute when applied signal magnitude exceeds 150 Ð200 mV, especially when negative DC signal is applied. Acute variability in waveform appearances can greatly confound interpretation of waveforms, and may indicate underlying voltage-induced changes in psyllid feeding physiology or probing behavior. Consequently, we recommend vigorous attention to and standardization of applied signal type, magnitude, and polarity within each experiment, use of low-voltage (150 mV or lower) DC signal (or possibly AC, though that has not been rigorously tested yet), and standardization of wiring, glue, and methods. Finally, because of the aforementioned uncertain attribution of monophasic vs. biphasic waveform polarities, it is not appropriate to determine inter-vs. intracellular stylet penetration methods by psyllids via strictly electrical methods. We strongly recommend that more detailed histological studies of psyllid stylet penetration in relation to EPG waveforms be performed.
In conclusion, identifying and deÞning waveforms of B. cockerrelli is the essential Þrst step toward implementing EPG as a tool for increasing the understanding of Lso transmission by the B. cockerelli and for screening plants for host plant resistance to either direct feeding or Liberibacter transmission by this insect vector of ZC. With the establishment of waveform deÞnitions for B. cockerelli, it will also be possible to assess alternative host species that may act as reservoirs for Lso. B. cockerelli waveforms are already being used in pesticide efÞcacy trials to develop regimens that maximize effectiveness of psyllid management tools (Butler et al. 2012 , Serikawa et al. 2012 . A better understanding of B. cockerelli EPG waveforms could lead to faster development of host plant resistant varieties, strengthen integrated pest management strategies by incorporating alternative plant hosts, and maximize the efÞciency of pesticides. Thus, waveform deÞnitions established herein will allow both present and future EPG studies to reveal mechanisms by which the B. cockerelli transmits Lso to potato and other solanaceous crops. Ultimately, EPG research will help affected potato producers reduce damage caused by ZC disease.
